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origin over the ionosphere and in the plasma sheet
at storm-time substorms
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Abstract: We investigate variations of ion flux over the ionosphere and in the plasma sheet when storm-time substorms
are initiated, using simultaneous observations of neutral atoms in the energy range of up to afew keV measured by the
low-energy neutral atom (LENA) imager on board the Imager for Magnetopause-to-Aurora Global Exploration (IMAGE)
satellite and energetic (9-210 keV/e) ion flux measured by the energetic particle and ion composition (EPIC) instrument
on board the Geotail satellite. We examined three storm intervals during which the IMAGE satellite was located near its
apogee and the Geotail satellite was in the plasma sheet on the nightside. Low-energy neutral atoms traveling from the
direction of the Earth can be created by outflowing ionospheric ions through charge exchange processes. The observed

neutral atom flux enhancement at storm-time substorms indicates that substorms can cause an immediate increase of
low-energy ion flux over the ionosphere by a factor of 3-10. In the plasma sheet, the flux ratio of OY/H* is rapidly
enhanced at storm-time substorms and then increased gradually or stayed at a constant level in a timescale of ~60
minutes, suggesting a mass-dependent acceleration of ions at loca dipolarization and a subsequent additional supply of
O™ ions to the plasma sheet which have been extracted from the ionosphere at the substorms.
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1. Introduction

Recent studiesreveal ed theionosphere as an important source
of plasma to the plasma sheet and the magnetosphere. From
multi-fluid MHD simulation Winglee [1998] has shown that
a boundary called “the density geopause,” within which the
ionospheric source is the dominant contributor to the plasma,
is extended down the tail to 10-65 Rg during the southward
IMF (Bz=0to-5nT). A large number of numerical ssimulations
were performed to trace ions of ionospheric origin after they
escaped fromtheionosphere[e.g., Delcourt et al., 1999; Chap-
pell et al., 2000; Cully et al., 2003a]. They found that most of
suchions preferentially moveinto the plasmasheet through the
geomagnetic lobe. Thus it is important to identify how much
ions of ionospheric ions are outflowing from the ionosphere
and how it depends on the geomagnetic disturbances. Using the
Dynamic Explorer -1 observation of low-energy (0.01-17 keV)
ions, Yau et al. [1988] found agood correlation between theion
outflow rate and the Kp index. Asthe Kp index increased from
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0to 6, the O flux increased drastically by an order (from 1-
3x10% s71 to 1-3x10% s71), while the H* flux changed by
afactor of ~3 (from 3x 102 s~ to 1x 10% s~1). From obser-
vations by the EXOS-D satellite of ion outflow in the energy
range from <1 to 70 eV, Cully et al. [2003b] showed that ion
outflow rate is correlated with the Kp index and some solar
wind parameters. The Kp dependence of H* and O™ flux was
almost similar to that by Yau et al. [1988]. They also found that
the solar wind parameters exhibiting a strong correlation with
the outflow flux were the kinetic pressure, the electric field,
and the variation in the IMF. In these studies the 3-hour Kp in-
dex or the hourly averaged solar wind data (OMNI data) have
been used, suggesting that the reported good correlation is cor-
rect only in astatistical or average sense. It isnot clear yet how
outflowingion flux respondsto geomagnetic disturbanceswith
ashorter timescale (<1 hour) such as substorms.

In this study we intended to investigate how ion outflow rate
changes at individual substorms, using data obtained by the
low-energy neutral atom (LENA) imager on board the Imager
for Magnetopause-to-AuroraGlobal Exploration (IMAGE) sat-
dlite. Since IMAGE/LENA is aremote sensing instrument, it
provides a global image of outflowing ion flux over the polar
region with a time resolution of ~2 minutes. We can monitor
temporal changes of outflowing ion flux when a substorm oc-
curs. Moreover, in order to investigate how the plasma sheet
ion composition responds to the identical substorm, we ex-
amined simultaneous observations of energetic (9-210 keV/e)
ion flux in the plasma sheet made by the energetic particle
and ion composition (EPIC) instrument on board the Geotail
satellite. The rest of this paper is organized as follows. Sec-
tion 2 introduces the data set. In section 3 we describe the
event selection procedure. We found 3 time intervals during
which the IMAGE and Geotail satellites simultaneously ob-
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served ions of ionospheric origin. In section 4 satellite obser-
vationswill be displayed for theintervals 1 and 3. It was found
that substorms caused rapid increases of both the energetic
neutral atom (ENA) flux around the Earth and the O t/H* en-
ergy density ratio in the plasma sheet. The O*/H™ ratio subse-
quently increased or stayed at a constant level with atimescale
of 60 minutes. We will discuss these observational results in
section 5.

2. Data Set

The IMAGE satelliteis a polar orbiting satellite with a peri-
geeof 1000 km altitude, an apogee of 8.2 Rg, and an orhital pe-
riod of 14.2 hours [Burch, 2000]. The satellite spins at arate of
~0.5 revolution per minute and its spin vector is anti-parallel
to the orbital angular momentum vector. The LENA imager
carried by the IMAGE satellite is designed to detect neutral
atoms in the energy range of ~10 eV to a few keV and has
afield of view of £45° against a satellite spin plane which
is divided by 12 polar sectors [Moore et al., 2000]. Because
of the spin, the LENA imager sweeps out 360° in azimuthal
direction, which is divided by 45 azimutha sectors, resulting
in one complete image of neutral atom flux covering an area
of 90°(polar)x 360°(azimuth) at every 2 minutes. Since low-
energy neutral atoms traveling from the direction of the Earth
are created by outflowing ionospheric ions through charge ex-
change processes, we can investigate temporal change of the
low-energy ion flux over the ionosphere from the LENA data.

The Geotail satellite was placed in the near-Earth orbit of
~9x30 Rg in the fall of 1994 [Nishida, 1994] and surveys
the near-Earth and midtail plasma sheet frequently. Geotail
is equipped with the EPIC instrument which provides mass
and charge state information about ions with an energy/charge
rangeof 9keV/eto 210keV/ein eight spectral points[WIliams
et al., 1994]. The instrument has a spatial coverage of almost
Ar . It takes ~24 sto get one complete energy spectrum for
H™ ions, and ~48 s for O ions. From each energy spectrum
we calculated energy densities of Ht and O™, and then aver-
aged over 5 min to increase statistical significance. We also
used the magnetic field data obtained by the magnetic field
(MGF) instrument [Kokubun et al., 1994] onboard the Geotail
satellite.

3. Event Selection

From the period of August 2003 through July 2004, we se-
lected time intervals during which IMAGE/LENA and Geo-
tail/EPIC made a simultaneous observation of ions of iono-
spheric origin, according to the following criteria. During the
timeinterval, (1) geomagnetic storms took place, (2) the Geo-
tail satellite mostly stayed in the nightside plasmasheet, (3) the
IMAGE satellite was near its apogee, and (4) clear substorm
signatures can be identified by ground stations and geosyn-
chronous satellites. This selection procedureyielded 3timein-
tervals, that is, 1900-2300 UT on 30 October 2003 (interval 1),
0130-0600 UT on 27 July 2004 (interval 2), and 0400-0730
UT on 10 March 2004 (interval 3). Figure 1 shows orbits of the
satellites in the Xgau-Yoav and Xgsv-Zcaw planes for these 3
intervals. Thin lines indicate the IMAGE orbits and thick lines
indicate the Geotail orbits. Geotail flew at Xggy~-8, -16, and
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-24 Re intheinterval 1, 2, and 3, respectively. In the next sec-
tion we will show simultaneous observations for the interval 1
and 3; data of theinterval 2 will be omitted because of limit of
paper length.

4. Observation and Analysis

4.1. Interval 1 (1900-2300 UT on 30 October 2003)
During this interval the SYM-H index decreased from -150
nT to -400 nT, indicating the main phase of the very intense
magnetic storm. Substorms were identified at 1947 UT and
2115 UT by energetic el ectron enhancement at geosynchronous
satellites, negative bays at high-latitude ground stations, and
positive bays at mid-latitude ground stations (not shown here).
Figures 2a and 2b show the ENA images around the Earth ob-
tained by the IMAGE/LENA imager before and after the first
substorm onset (1947 UT), respectively. We found that ENA
flux coming from the direction of the Earth was enhanced.
ENA images before and after the second substorm onset (2115
UT) are shown in Figures 2c and 2d. We also found strong
ENA flux enhancement after the substorm onset. In order to
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Fig. 1. Orbits of the IMAGE and Geotail satellites in the
Xeav-Yeav (top) and Xgaw-Zegw (bottom) planes for the 3
selected intervals. Thin and thick lines are for the IMAGE and
Geotail orbits, respectively. Dots indicate the satellite locations at
integer hour. “S” denotes the start location of the satellite in the
interval .
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Fig. 2. (a, b) ENA images around the Earth obtained by the
IMAGE/LENA imager before and after the first substorm onset.
(c, d) The same as Figure 2a and 2b, except for the second
substorm onset. (e) Tempora variations of the ENA flux around
the Earth. Onset times of the substorms were indicated by vertical
dashed lines. Four black circles indicate times of Figures 2a-2d.

see temporal changes of the ENA flux in more detail, we aver-
aged the ENA flux around the Earth over the azimuthal angle
of +28° (y-direction of the ENA image) and the polar angle of
+44° (x-direction of the image). Then we computed the nor-
malized ENA flux (Jnormaiized) from the average ENA flux de-
rived above (Javeraged) @S it is measured at radia distance of
5Re, by

3 N y r—15\?2

normalized = YJaveraged 515 ;
where r is the radial distance of the satellite position in Re.
Here the ENA source was assumed to be at geocentric altitude
of 1.5 Rg [Khan et al., 2003]. This generates time series data
of ENA flux around the Earth with a time resolution of 2 min-
utes. We cal culated a running average of Jnormalized With atime

window of 8 minutes, which is displayed in Figure 2e. Verti-
cal dashed lines indicate onset time of the substorms. Black
circles corresponds to times in which the LENA images of
Figures 2a-2d were taken. At the first substorm the ENA flux
was clearly enhanced from 1x 10° cm—2s1to 3x10° cm—2s~1
within 20 minutes. The second substorm was accompanied by
a sudden increase of the ENA flux from 2x10° cm~2s ! to
1x10% cm=2s~1, This indicates that the substorms caused an
enhancement of outflowing ion flux by afactor of 3-5.

Figure 3 showed the magnetic field in the Xggy and Zgsu
components and the O /H* energy density ratio measured by
the Geotail satellite which was located at Xggu~-8 Re (Fig-
ure 1). Two vertical lines indicate onset time of the substorms
(1947 UT and 2115 UT). At the fist substorm onset, the abso-
lute value of Bx decreased and Bz increased, indicating that
dipolarization took place. At the same time the O*/H™ en-
ergy density ratio increased suddenly from ~1to 3, and then it
showed a gradual increase during 2000-2030 UT, even though
the substorm expansion phase has aready ended at 2000-2010
UT as can be seen in Bz changes. For the second substorm
onset, signatures of the magnetic field and the O*/H™ energy
density ratio were similar to those of the first substorm,; that is,
the magnetic field was dipolarized and the energy density ra-
tio increased rapidly at substorm onset, followed by a gradual
increase with a timescale of 60 minutes (2130-2230 UT).
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Fig. 3. From top to bottom: The magnetic field in the Xgqy and
Zaaw components, and the OT/HT energy density ratio measured
by the Geotail satellite.
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4.2. Interval 3 (0400-0730 UT on 10 March 2004)

Thisinterval was found in the recovery phase of a moderate
magnetic storm and the SYM-H index was between -100 nT
and -60 nT. Weidentified occurrence of asubstorm at 0528 UT
by dipolarization and energetic proton enhancement at geosyn-
chronous satellites, a negative bay at high-latitude ground sta-
tion, and apositive bay at low-latitude ground station (not shown
here). Figures 4a and 4b display the IMAGE/LENA image
around the Earth before and after the substorm. It was revealed
that the ENA flux traveling from the direction of the Earth was
enhanced after the substorm. Figure 4c shows ENA flux varia-
tions derived in the same way as Figure 2e. A vertical lineand
two black circles indicate times when substorm occurred and
the LENA images of Figures 4a and 4b were taken. The ENA
flux before the substorm stayed around 1x 104 cm~2s~1, while
it increased up to 1x10% cm~2?s~! within 10-20 minutes af-
ter the substorm, indicating an enhancement of outflowing ion
flux by afactor of 10.

Figure 5 demonstrates the Geotail data at X~-24 Rg in the
same format as Figure 3. At the substorm, which is indicated
by a vertical line, the absolute value of Bx decreased and Bz
increased, being a dipolarization signature. For about 1 hour
prior to the substorm onset (i.e., 0430-0528 UT), Geotail was
in the magnetic lobe and we could not calculate the energy
density ratio in the plasma sheet. However, before 0430 UT
the satellite made a measurement of energetic ion flux in the
plasma sheet, which indicates the O*/H™ ratio of 0.02-0.05.
Assuming that the O/H™ energy density ratio did not change
significantly before the substorm onset, we can expect that the
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Fig. 4. The same as Figure 2, except for the interval 3.
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energy density ratio was strongly enhanced at dipolarization.
Even though the substorm expansion phase has ended around
0550-0600 UT as can be noted from the magnetic field data,
the O*/H™ energy density ratio stayed at almost constant level
of 0.2-0.3 for about 1 hour.

5. Discussion

We examined variations of ions of ionospheric origin over
the ionosphere and in the plasma sheet when storm-time sub-
stormswereinitiated. From the IMAGE/LENA observation we
found that the ENA flux around the Earth was enhanced rapidly
(within 10-20 minutes) by afactor of 3-10 at substorms. (Sub-
storms in the interval 2 were also accompanied by the ENA
flux enhancement in the similar way to those in the interval 1
and 3.) The Geotail/EPIC observation showed that the O+/H™
energy density ratio in the plasma sheet was immediately en-
hanced when local dipolarization signatures appeared, and then
increased gradually or stayed at nearly constant level inatime-
scale of 60 minutes. These Geotail observations were similar
among three different locations of Xggy~-8, -16, and -24 Rg,
though data at Xggu~-16 Rg were not shown here because of
page limit.

5.1. Response of outflowing ion flux to substorms
From the IMAGE/LENA observations we suppose that sub-
storms can cause sudden and drastic changes of the ion flux
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outflowing from the Earth. Since this flux change caused by
substormsis nearly comparableto that during Kp increasefrom
0 to 6 (i.e., threefold to tenfold) which was statistically re-
vealed by Yau et al. [1988] and Cully et al. [2003b] (see section
1), it is important to take substorm occurrence into considera-
tion when we study outflowing ion flux. We can expect that
such drastic change of outflowing ion flux at substorms possi-
bly affect ion composition in the plasma sheet; this issue will
be discussed in section 5.2.

It is noteworthy to mention prompt response of outflowing
ion flux to the solar wind dynamic pressure, which has been de-
scribed by Mooreet al. [1999], Fuselier et al. [2002], and Khan
et al. [2003]. They reported that enhancements of solar wind
dynamic pressure (or standard deviation of dynamic pressure)
led to bursts of ion outflow. Their results might be explained by
that enhancement of the solar wind dynamic pressure preferen-
tially triggers substorms [Kokubun et al., 1977]. In actual fact,
the two substorms in the interval 1 appeared to be associated
with strong compression of the magnetosphere during high so-
lar wind dynamic pressure, as discussed by Nosé et al. [2005].
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Fig. 6. Energy spectra of HT and O observed by Geotail/EPIC
during the first substorm in the interval 1 (top) and the substorm
in the interval 3 (bottom). Light line is for the spectra before the
onset; medium line, 10-15 minutes after the onset; and heavy line,
30-60 minutes after the onset.

At the substorm onset in the interval 3 there was a weak dy-
namic pressure enhancement (from 6 nPa to 7 nPa) which is
due to slight solar wind velocity enhancement (from 650 km/s
to 700 km/s). On the other hand, we found that there were no
clear pressure changes at substormsin theinterval 2, but rather
there were northward turnings of the IMF with an amplitude of
10-20 nT. Itisleft for future study to examinewhich solar wind
dynamic pressure enhancement or substorm is more essential
to the immediate increases of the ionospheric plasma outflow.

5.2. lon composition change in plasma sheet

We consider that the first sudden enhancement of the O ™ /H™
energy density ratio in the plasma sheet is caused by mass-
dependent acceleration of ions at dipolarization and the sub-
sequent gradual increase of the energy density ratio is due to
an additional supply of O" ions which are extracted from the
ionosphere at the substorm onset. This idea is supported by
energy spectral changes observed by the Geotail/EPIC instru-
ment. Top two panels of Figure 6 display H™ and O energy
spectra in the plasma sheet for the substorm onset at 1947
UT on 30 October 2003 (the first onset in the interval 1), and
bottom two panels, for the substorm onset at 0528 UT on 10
March 2004 (the onset in the interval 3). Different line width
meansdifferent timeintervals; that is, light, medium, and heavy
lines represent energy spectrabefore onset, 10-15 minutes after
onset, and 30-60 minutes after onset, respectively. It was found
that the H* energy spectra did not show significant changesin
both substorm onsets. However, the O energy spectrachanged
drastically at the energy range of afew tens of keV to 100 keV
after dipolarization (medium line), implying that acceleration
of ions was more effectiveto O ions than H* ions. At 30-60
minutes after the onset, we found that O™ flux in lower energy
range from 9 keV to a few tens of keV showed a further in-
crease (heavy ling). The Ot increasein the lower energy range
can be explained by that extra O™ ions are transported into
the plasma sheet within 60 minutes after they are extracted
from the ionosphere at substorm onset as confirmed from the
LENA observations (Figures 2 and 4). This timescale is con-
sistent with previous studies showing that transit time of ions
from the ionosphere to the plasma sheet via the magnetic lobe
is <1-2 hours[Cladis, 1986; Delcourt et al., 1999; Chappell et
al., 2000].
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